INTRODUCTION
Nowadays, a large number of food security accidents are being reported worldwide, and among these accidents, the vaccine expiration problem is the most eye-catching case. A vaccine would likely lose its protective effect or be harmful to the human body if its biological structure is damaged or denatured by temperature or metal ions. Typically, there are four steps involved in vaccine usage from the factory to the human body, including production, shipment, distribution and injection, and each step can result in a loss of the viability of the vaccine. Therefore, new surface coating techniques are highly desirable for preserving the metabolic activity of vaccines [1, 2] .
Currently, numerous bioactive substances, including vaccines [3] , yeasts [4] [5] [6] , and tobacco virus [7] as well as mammalian cells [8, 9] , have been successfully coated with materials such as graphene [10] , calcium carbonate [11, 12] , titanium-silicon composites [13] , or even nanoparticles with different morphologies [14, 15] . Among the chosen materials reported, metal-organic frameworks (MOFs) [16] [17] [18] , a type of crystalline material constructed with metal ions or metal clusters and organic ligands, have attracted the most attention because of their porous structures, diversity of precursors, and convenient synthesis [19] [20] [21] . Several materials [22] [23] [24] and semiconductors [25] [26] [27] of different sizes and shapes have been coated with MOFs to form composite materials. In addition, some biological macromolecules, such as proteins [28] [29] [30] , enzymes [31] [32] [33] [34] [35] [36] , and cells [37, 38] , have been coated with MOFs under mild conditions, which is critical for the maintenance of their biological activity. Nevertheless, only few studies have reported on the encapsulation of cells by MOFs. Further studies are highly needed, for instance, to evaluate the heterogeneous growth mechanism of MOFs on cell surfaces and the emerging properties of these composite materials.
In this study, the encapsulation of yeast cells by zeolitic imidazolate framework (ZIF-8)-a typical MOF-under room temperature was reported and the protective effect of the ZIF-8 shell on yeast cells under harsh external conditions was highlighted.
EXPERIMENTAL SECTION

Synthesis of yeast@ZIF-8
Yeast cells (4.5 mg) in yeast extract peptone dextrose medium were centrifuged at 3,000 rpm for 5 min each time and then washed thrice with deionized (DI) water. After centrifugation, yeast cells were suspended into 1 mL of 0.05 mol L −1 zinc nitrate aqueous solution, and 1 mL of 0.2 mol L −1 2-methylimidazole aqueous solution was then added to the solution. After the reaction was proceeded on an orbital shaker (300 rpm) at 30°C for 1 h, the product was collected and washed thrice with DI water.
Cell viability experiment
Encapsulated and bare yeast cells were suspended in 5 mL DI water at 4°C, and a certain volume of the samples was regularly collected to test their viability using fluorescent molecular probes. The FUN 1 stain showed that metabolically active cells were clearly marked with orange-red fluorescent intravacuolar structures, whereas dead cells exhibited extremely bright, green-yellow fluorescence.
The typical process used in our experiment is described below. Yeast cell solution (2 mL) with nutrients was centrifuged and washed thrice with DI water at 3,000 rpm for 5 min each time. Subsequently, samples were suspended into 1 mL of 0.3 mol L −1 NaCl aqueous solution, and 0.5 μL FUN 1 was then added. Protected from light, the sample was then incubated for 30 min at 30°C before observation under a confocal microscope. The cells were then washed thrice with DI water to remove free dye in the solution. Alexa Fluor 647 was also used to stain the ZIF-8 shell because pores inside the ZIF-8 shell can adsorb the fluorescent dye molecules. The stain process was very similar to the FUN 1 stain process. An appropriated amount of dye was mixed with the samples in the dark for 30 min at 30°C before observation using confocal laser scanning microscopy (CLSM).
Zymolyase assay
Zymolyase was widely used as a cell lytic enzyme for cell wall digestion and always used for survival test. The tested sample was centrifuged and resuspended in 5 mL of 50 mmol L −1 phosphate buffer saline (pH 7.5). The samples were then treated with zymolyase (0.1 mg mL
) and incubated at 30°C on the orbital shaker. The survival of yeast cells was monitored via FUN 1 staining of the samples.
Cell proliferation experiment
Before the cell proliferation experiment, the ZIF-8 shell was removed by adding disodium ethylenediamine tetraacetate (EDTA) solution (0.1 mol L −1 , pH 7) into the yeast cell solution. Both the bare and reactivated yeast cells were suspended in 0.1 mL of yeast extract (10 mg mL −1 ) and glucose (20 mg mL −1 ) with an appropriate yeast concentration [optical density at 600 nm (OD 600 )~0.1]. Both samples were put on the orbital shaker at 300 rpm, and their concentrations were continuously monitored by the optical density at 600 nm.
Characterization
Scanning electron microscopy (SEM) and corresponding elemental analysis were performed using a Hitachi SU8220 electron microscope. Transmission electron microscopy (TEM) images were recorded on a Tecnai G2 20 S-TWIN electron microscope. Powder X-ray diffraction (PXRD) patterns were recorded on a Rigaku Corporation X-ray powder diffractometer using Cu Kα radiation (λ = 1.54056 Å). CLSM was conducted on a single photon laser confocal imaging system Zeiss-710. The concentration of yeast cells was determined using an ultravioletvisible spectrophotometer, LAMBDA 650. solution, and the ZIF-8 shell would be produced when a solution of 2-methylimidazole is added. The PXRD pattern of the synthesized sample is the same as the corresponding simulated ZIF-8 XRD pattern (Fig. S1 ), indicating that the synthesized sample is ZIF-8 with high crystallinity. The original shape of bare yeast cells is oval in culture solution. When dried at room temperature, the cells noticeably shrink due to dehydration and the oval shape of these cells changes. Therefore, bare yeast cells are dried in a cooling vessel for 4 h, which can help in maintaining the original shape of cells before SEM images are taken. Fig. 1a shows the typical elliptical morphology of a bare single yeast cell of approximately 5 μm. The surface of the native yeast cell was very smooth, and the cell showed no shrinkage. After encapsulation, the surface of the yeast cell became very rough, and its shape was altered to be rather spherical (Fig. 1b) . This result demonstrates the successful coating of the ZIF-8 shell onto the yeast cell to form a yeast@ZIF-8 core-shell composite structure. The mechanical strength of the ZIF-8 shell is great enough to resist dehydration and osmotic pressure.
RESULTS AND DISCUSSION
An SEM cross-section was also taken to check whether the ZIF-8 shell thoroughly covers the surface of yeast cells. Fig. 1c shows one yeast cell encapsulated by a single ZIF-8 shell (between the red lines), the thickness of which is approximately 100 nm. As for TEM observation, the native yeast cells are considerably shrunk due to dehydration of yeast cells on the copper grid (Fig. S2a) . In contrast, the shape of the yeast@ZIF-8 composite structure is kept intact (Fig. 1d) , highlighting its good mechanical stability. The magnified TEM image (Fig. S2b) clearly displays that the ZIF-8 shell comprises tiny nanoparticles of approximately 20 nm. Elemental analysis by X-ray energy-dispersive spectroscopy disclosed that the outer shell of yeast cells comprises elements such as Zn, N, O, and C (Fig. S3) , confirming that the outer shells are made up of ZIF-8.
For the direct observation of the yeast@ZIF-8 coreshell composite structure in the solution, two dyes, Alexa Fluor 647 and FUN 1, were used to stain the cells. Fig. 2a-c show the CLSM bright-field images of yeast@ZIF-8 and the corresponding CLSM fluorescence images obtained by Alex Fluor 647 and FUN 1 staining, respectively. After encapsulation, yeast cells maintained their shape without any change compared with bare yeast cells (Fig. 2a) . Under irradiation by laser light, the ZIF-8 shell clearly manifested a vivid blue circle outside the surface of yeast cells (Fig. 2b) . This result gives strong evidence on the full coating of the ZIF-8 shell on the surface of yeast cells. More importantly, the red fluorescence from FUN 1-stained yeast cell cores suggested that yeast cells were alive even after encapsulation by ZIF-8 (Fig. 2c) . Fig. 2d shows the superimposed image of Fig. 2a-c, which shows that all the red fluorescence yeast cell cores are coated by the blue ZIF-8 shell.
Considering that protection of the eggshell enables the fresh maintenance of eggs for a long period, the cell viability against time was first tested without any nutrients. The proliferation of yeast cells is controlled by specific growth factors and essential nutrients. If any of these signals is missing, then the cell enters into a special resting state-the stationary phase-and becomes inert. When yeast cells are encapsulated by minerals, it goes into a static state because the growth of encapsulated cells is not observed even in the nutrient medium [11] . Both the bare yeast cells and cells coated with ZIF-8 were suspended in DI water at 4°C for one month. The result is summarized in Fig. 3 . The bare yeast cells very quickly lost their metabolic ability and almost died within one month because of the lack of nutrients. After coating with the ZIF-8 shell, more than 80% of yeast cells remained alive in pure water even after one month (Fig. 3) . The small amount of deaths among yeast@ZIF-8 cells may be because of the original defects on the shells (Fig. S4) . The cell viability experiment verifies that the ZIF-8 shell can effectively prolong the life of encapsulated yeast cells because the ZIF-8 shell blocks mass transport and energy transfer between the yeast cells and external environment. Moreover, because of the porous nature of the ZIF-8 shell, some extremely small molecules such as water and oxygen can penetrate and enter the inner shell. Considering the prolongation of the lifetime of the coated yeast cells, this ZIF-8 encapsulation strategy is very promising for cell storage.
Yeast cells are easily damaged and lose their viability under conditions such as high temperature, in the presence of lyase, and improper pH values. Zymolyase is frequently used to damage yeast cell walls because it contains not only protease with affinity for mannose glycoprotein but also β-1,3-glucanase that releases pentasaccharides from pachyman or laminarin. Both enzymes might lyse yeast cell walls, which causes cells to lose their ability to maintain homeostasis, resulting in their bursting out without cell walls. Therefore, the protective effect of the ZIF-8 shell in the presence of zymolyase was tested in this study. Eighty percent of the bare yeast cells were dead after culture for 1 h (Fig. 4a) , whereas almost all of them were damaged when the culture time exceeded 3 h ( Fig. 4c and e) . In contrast, only approximately 20% of the ZIF-8-coated yeast cells were dead after culture in zymolyase solution for 3 h (Fig. 4a,  b, and d) . The death rate was very similar to that in pure water with 1-month storage at 4°C. This may be attributed to defects in the ZIF-8 shell by which zymolyase can contact yeast cells. In addition, the encapsulated yeast cells maintained their normal shape and size in the presence of zymolyase even after culture for 3 h, highlighting that the ZIF-8 shell can retain the integrity of yeast cell walls by preventing their contact with outer zymolyase (Fig. 4b and d) . Although the ZIF-8 shell is porous, the pore size of ZIF-8 is only 0.34 nm, which is small enough for hindering the penetration of large zymolyase (dimension of β-1,3-glucanase is 8.7 × 8.7 × 15.6 nm 3 ). This finding demonstrates that the ZIF-8 shell can serve as an enhanced safeguard to protect living cells against foreign invasion.
The encapsulated yeast cells are easily reactivated by dissolving the ZIF-8 shell. As shown in Fig. 5 , the yeast@ZIF-8 composite structure was maintained in an inert state in glucose solution at 30°C, and there was no proliferation (blue curve). Upon the addition of EDTA, the stronger coordination interaction between EDTA and Zn 2+ in ZIF-8 resulted in the decomposition and subsequent dissolution of the ZIF-8 shell. As a result, the 
CONCLUSIONS
In summary, well-defined yeast@ZIF-8 composite structures in which single yeast cells are fully coated by the ZIF-8 shell with thickness of approximately 100 nm are easily synthesized under mild conditions. The coated yeast cells exhibit long-term viability in the absence of nutrients, good biochemical robustness under harsh conditions, and easy regeneration via the removal of protective shells. Therefore, it is expected that encapsulation of yeast cells by MOFs will become a novel and general strategy for improving the stability and functionality of microorganisms because of the rich type, convenient synthesis, and multiple functionality of various MOFs.
